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 The biology, physiology, kinematics, and aerodynamics of insect flight have been 
a longstanding fascination for biologists and engineers.  The former three are easily 
obtained through the observation of the organic species.  The latter though, is very difficult 
to study in this fashion.  In many cases, aerodynamic forces and fluid-body interactions 
can be simulated with computational fluid dynamics; another option is to use dynamically-
scaled, experimental set-ups to measure physically these values. 
 An archetypal, experimental set-up may include one or two scaled wings, where 
each wing is actuated to achieve upwards of three degrees of freedom.  The three degrees 
of freedom correspond biologically to the stroke, deviation, and rotation motions of real 
insects.  The wing modules may be fixed to rotate about a central, fourth axis, mimicking 
the insect body rotation.  Alternatively, the wing modules can be fixed to translate in one 
direction, copying the forward flight pattern of an insect.  These experiments usually are 
performed in a tank of mineral oil, seeded to highlight the fluid’s movement.  Unfortunately, 






 The goal is to use a subset of robotics called cable-driven parallel manipulators to 
improve upon and expand the capabilities of these apparatuses.  For these robots, rigid 
links are replaced with tensioned cables and actuated via electric motors.  Each cable 
attaches to the central manipulator platform, similar to other parallel manipulators.  Some 
advantages of a cable-driven design are large position workspaces, low inertia, high 
manipulator dynamics, large strength-to-weight ratio, and no actuator-error stack-up.  
Cable manipulators have been researched in the lab and have been deployed commercially, 
such as at professional sports stadiums. 
 The manipulator uses a standard cuboid frame, with eight winches actuating eight 
cables.  The manipulator platform is a scaled insect body, with each wing capable of three 
degrees of freedom, and an optimized attachment frame for the cables.  The manipulator’s 
workspace for six degrees of freedom was derived from previous works and simulated in 
MathWorks’ MATLAB for a variety of parameterizations. 
 The lead design incorporates a novel, new cable configuration for realizing greater 
rotational capability over standard cable-driven manipulators.  While a standard, “Straight” 
cable configuration allows for large translation but almost no rotation, the new “Twist” 
cable configuration provides a smaller yet spread out workspace that is sustainable through 
singular rotations up to at least 45°, as well as simultaneous rotations about multiple axes.  
Optimal trends for the attachment frame are discerned from comparing a multitude of size 
permutations for singular rotations.  No one attachment frame holds equal rotational 
potential about all three axes; however, the strengths and weaknesses of an attachment 





versatility of the apparatus with a 6 in × 2 in × 4 in attachment frame, four different flight 
maneuvers are analyzed. 
 The first two case studies prove the cable-driven apparatus can combine the 
individual functions of existing experimental apparatuses:  MATLAB simulations show 
the device can perform a stationary 116° yaw rotation and separately can translate the end 
effector 32 in along one axis.  A third case study investigates a previously published work 
on an evasive pitching maneuver from a hawkmoth.  In the original study, the normally 
six-degree-of-freedom movement was distilled down to only one-dimensional translation 
and pitch rotation, such that it could be replicated in the lab.  Using the cable-driven 
apparatus though, it is possible instead to reproduce the generalized, six-degree-of-freedom 
maneuver.  Finally, a conceptual flight pattern is created to demonstrate the unique 
advantages of the cable-driven apparatus.  The flight path models a pitched dive into a 
banked quarter turn, with a pitched climb upon exiting the turn.  The equal necessity and 
coupling of all degrees of freedom for this maneuver means it cannot be performed on 
current experimental apparatuses, except for the cable-driven apparatus. 
 This new cable-driven test apparatus, with its unique design and modifications, 
would improve the capabilities for experimental studies and provide the most realistic set-







 The extraordinary capabilities of flapping-wing insects have been well-observed 
and documented throughout the course of human history.  Ancient cultures in their 
mythologies often revered insects as important symbols, where an insect’s unique 
characteristics embodied different facets of life [1].  Modern humans continue to hold 
flapping-wing insects in high regard, as scientists turn to bio-inspiration from and bio-
mimicry of these insects in the effort to advance the understanding small-scale, flapping-
flight and its applications. 
 For example the dragonfly, order Odonata, is considered the most acrobatic of all 
flying insects.  Some species can fly forwards at speeds exceeding 30 mph, or roughly 200 
times their body lengths per second [2].  More impressively, the dragonfly can fly sideways, 
backwards, and vertically; it can stop and hover in mid-air like a helicopter; and it can 
make a 180° turn within three wing beats [3].  Appropriately, in ancient times dragonflies 
were considered symbols for lightness, elegance, and speed; but perhaps due to their 
extreme hovering and darting movements, dragonflies also represented instability and 
unreliability [1].  Today, the dragonfly represents one of the top benchmarks used in the 
thriving field of bio-robotics.  (Other inspirational insects include the hawkmoth, Manduca 





 Despite decades of research though, natural insects still are far superior fliers to 
their technological doppelgangers.  Properly, the biology, physiology, kinematics, and 
aerodynamics of insect flight remain important pursuits for engineers and biologists.  The 
former three easily are obtained through the observation of the biological species, for 
example with high-speed videography [4].  The latter though, is unfortunately very difficult 
to study in this fashion [5]. 
 Insects utilize unconventional and unsteady aerodynamic mechanisms to achieve 
their exceptional flight characteristics [6], and thus the comprehension and command of 
these phenomena are crucial steps towards applying this research, such as for the 
development of micro air vehicles and nano air vehicles [7].  In one approach, aerodynamic 
forces and the corresponding fluid-body interactions can be simulated with computational 
fluid dynamics [8]; the alternative is to use dynamically-scaled, experimental set-ups to 
measure and observe physically these values.  While both uniquely advantageous, physical 
experiments usher in the acquisition of analyzable data on previously unknown and 
uninvestigated principles of nature, which advances the existing knowledge base.  
Additionally, the physical measurements of these forces and interactions serve to validate 
the predictions of computational, theoretical models.  Unfortunately, current experimental 
apparatuses limit the number and complexity of studiable insect flight patterns. 
 The goal is to use current technology in robotics called cable-driven parallel 
manipulators to improve upon and expand the capabilities of flapping-flight, experimental 
apparatuses.  Cable-driven manipulators may unlock the potential to develop realistic 
insect analogues for physical research, which could provide the closest experience to 






2.1 Experimental Research 
 The objective of physical experiments is to ascertain critical qualitative and 
quantitative attributes of insect flight that cannot be discerned from direct observations of 
a species.  These subjects may include the aerodynamic forces and moments produced 
through the insect’s wings and body, the interactions between the insect and its surrounding 
fluid, and the internal control mechanisms exploited to stabilize flight.  Considering 
barriers such as the size, scale, and unpredictability of live insects, direct examination of 
these topics is impractical. 
 Instead, experiments are performed with scaled, robotic assemblies to simulate 
insect flight patterns.  These robots are scaled to match the Reynolds number of the insect, 
that is, the nondimensional number relating key insect characteristics such as the wing size, 
flapping amplitude, and flapping frequency.  The experiments usually are performed in a 
tank of mineral oil, seeded to highlight the fluid’s movement.  Additionally, the higher 
kinematic viscosity of mineral oil facilitates data acquisition by lengthening the time scale 
of the experiment and increasing the magnitude of the results. 
 An archetypal experimental set-up may include one or two scaled wings, where 
each wing is actuated to realize upwards of three degrees of freedom.  The three degrees 





insect wing.  Whether the motions are independently controlled or mechanically coupled, 
accurate wing kinematics are easily achievable with current experimental apparatuses.  The 
insect body has six complementary degrees of freedom:  full translation in three-
dimensional space and rotation about all three principal axes.  Experimentally though, body 
kinematics typically are under-realized as no known apparatus is capable of replicating the 
full accompaniment of an insect body’s degrees of freedom.  In some cases, experiments 
study motions involving rudimentary body kinematics, such as rotation about a single axis; 
other times, it may be reasonable and acceptable to distill an insect flight maneuver down 
into one to two predominant degrees of freedom. 
2.1.1 Robotic Fly Apparatus 
 The Robotic Fly Apparatus [[9]-[11]], shown in Figure 2.1, is a dynamically-scaled 
assembly designed to study the aerodynamic forces produced by the wing motions of 
Drosophila.  The apparatus utilizes a pair of isometrically-scaled wings, manufactured 
from acrylic, where each wing in turn couples to a wing mechanism.  The wing mechanism 
is comprised of three independently-actuated DC motors that replicate the three standard 
degrees of freedom of an insect wing.  A digital RC servo motor, to which the base of the 
wing directly attaches to, controls the wing’s rotation.  The mounting for this servo permits 
the entire motor to rotate about the horizontal, orthogonal axis, which is the axis 
corresponding to the stroke deviation.  A second RC servo motor is responsible for this 
actuation, consequently controlling the wing’s deviation.  A DC stepper motor completes 





the wing’s stroke angle.  Lastly, the pair of wing mechanisms rotate about a central fourth 
axis, mimicking the yaw axis of an insect body. A stepper motor controls this axis as well. 
 
Figure 2.1.  The Robotic Fly Appartus and its capable degrees of freedom:  A) yaw, B) 
stroke, C) deviation, and D) rotation [10]. 
 The specific task of this design is to quantify the yaw torque in insect flight 
maneuvers that involve concurrent wing flapping and body yawing.  A torque sensor 
mounted at the base of the vertical shaft measures the yaw torque produced by the wings 
about this axis.  The mechanism can be used for predetermined yaw motions, where the 
yaw torque is measured accordingly; but it also can be operated in a real-time feedback 
mode, where the measured wing torque is applied to a virtual dynamic model and in turn 
used to specify the rotation rate about the central yaw axis. 
 By its design though, all experiments on the Robotic Fly Apparatus are limited 





2.1.2 Tow Tanks 
 Tow tanks [[2], [12], [13]] are generic experimental apparatuses that can pull a 
mechanical flapper through an oil tank.  The flapper design varies based on the insect and 
the experiment, but the commonality of tow tanks is the ability to translate the robotic 
assembly along one of the principal body axes. 
 The tow tank model in Figure 2.2 uses a pair of dynamically-scaled dragonfly wings 
to replicate the kinematics of dragonfly (Aeshna juncea) hovering and forward flight 
maneuvers.  An interesting conundrum with dragonfly aerodynamics is the interactive 
effects between the forewing and hindwing, particularly as their flapping motions shift out 
of phase.  Both wings on the apparatus are constructed to achieve three degrees of freedom 
through the coaxial actuation of a bevel-geared wrist mechanism.  A linear stage, driven 
by stepper motor, creates the forward motion along the length of the mineral oil tank.  Each 
wing can be outfitted with a six-axis force sensor to measure the instantaneous 
aerodynamic force reactions as the flapping phase difference is varied between the two 
wings. 
 






 Another tow tank variation uses one scaled wing to simulate the kinematics of a 
hawkmoth executing an evasive maneuver.  For these experiments, the specific flight 
kinematics were selected such that the motion could be reduced to two body degrees of 
freedom:  pitch rotation and linear translation.  A preexisting wing gearbox coupled with 
the hawkmoth wing and a six-axis force sensor, allowing the complete three degrees of 
freedom for the wing.  As shown by the schematic diagram in Figure 2.3, the robotic flapper 
could rotate to control the pitch angle, and a linear stage provided the forward motion for 
the wing set-up. 
 
Figure 2.3.  Schematic diagram for a two-degree-of-freedom hawkmoth tow tank [4]. 
 While offering distinct physical experiments, a tow tank itself still only realizes one 
body degree of freedom.  More degrees of freedom may be unlocked with additional 
mechanisms, but this approach is limited in part by the number of flight maneuvers that 





2.2 Robotic Manipulators 
 Industrial robots can be classified under one of the following two categories:  serial 
manipulators or parallel manipulators.   
 For serial manipulators, the end effector (the tool designed to interact with the 
environment) is connected to the ground through a single, articulated, kinematic chain of 
rigid links.  The links in turn are connected in pairs by joints, generally either revolute 
(rotational) or prismatic (translational).  Through the actuation of each joint, the end 
effector can be posed at a specified location and orientation in space to perform a desired 
task.  The collection of all positions and orientations the end effector can achieve is termed 
the “workspace” of the manipulator.  Because of their high degree of articulation and large 
workspace capabilities, serial manipulators are used extensively for manufacturing and 
pick-and-place type operations, such as in Figure 2.4.  However, an open kinematic chain 
inherently has low stiffness, and coupled with the incessant weight of the links and 
actuators, the effective load these robots can handle is relatively low.  Additionally, the 
influence of each individual link and actuator propagates throughout the entire chain:  the 
inertia of the manipulator increases as approaching the ground link, requiring larger and 
more powerful actuators closer towards the base; and the slight inaccuracies of each 
actuator stack up as approaching the ultimate link, potentially culminating in comparatively 






Figure 2.4.  RoboCut serial manipulator designed by USG Robotics for the fabrication of 
granite and marble products [14]. 
 Parallel manipulators utilize multiple serial chains, also called limbs, to control an 
end effector platform, where each chain has its own connection to the end effector and to 
the ground.  Typically, each serial chain is much simpler and shorter than the chain of a 
serial manipulator.  The more important characteristic though, is each limb behaves 
independently from the others; thus, it is through the separate and simultaneous, or parallel, 
actuation of the limbs that the end effector is positioned.  This design strategy successfully 
mitigates and eliminates many of the deficiencies associated with serial manipulators.  
Parallel manipulators are defined by their closed kinematic loops, that is, given a starting 
point, a non-unique path can be traced through the manipulator that returns to this initial 
point.  A closed-loop design creates a natural stiffness for the parallel robot because every 
limb works in conjunction to support each other; this is in opposition to serial robots, where 
the entire payload must be supported by only the one arm.  Additionally, shorter limbs 
permit their actuators to be mounted on a base platform rather than on the serial chain itself, 






characteristics increases the overall strength-to-weight ratio, permitting faster actuation 
while manipulating a larger load.  A further boon of these manipulators is the enhanced 
orientation precision that comes with the disassociation of the actuators and therefore the 
minimization of actuator-error stack-up.  Stemming from the closed-loop configuration 
though, one major tradeoff for this manipulator style is the significantly reduced 
translational workspace.  As well, the movement of the end effector is innately nonlinear, 
necessitating advanced control schemes to operate the robot.  As such, parallel 
manipulators are often implemented for tasks that require a potentially large mass to be 
oriented quickly and precisely within a small workspace; for example, Figure 2.5 illustrates 
their application for flight simulation. 
 
Figure 2.5.  MotionSim3 Twin Piston and Twin Turboprop flight simulator from CKAS 
Mechatronics [15].   
 Within the realm of parallel robotic manipulators, a subset of designs is termed 
cable-driven parallel manipulators.  Instead of using rigid links, these robots employ 






manipulator platform and ground.  The cables are actuated via electric winches, which are 
strategically positioned on a ground structure to define the manipulator workspace.  Pulleys 
are paired with the electric winches to help guide the cables into the workspace.  Through 
the systematic winding and unwinding of these cables, the end effector can be moved to 
any position in the workspace.  The workspace for cable-driven robots is unique though, 
in that it is not bound by the same limitations as traditional parallel manipulators.  Since 
the workspace is dependent in part on the location of the winches and the length of the 
cables, not only can the workspace echo standard parallel robots, but also it can be designed 
for very large translational capabilities.  Additionally, a cable-driven design augments the 
several advantages of a traditional parallel design:  low-mass cables and powerful electric 
actuators further reduce the manipulator’s inertia, enhance the response speed, increase the 
strength-to-weight ratio, and completely eradicate actuator-error stack-up.  However, the 
necessity is every cable must remain in tension, as the manipulator cables only have the 
capacity to pull on the end effector; and even for small-scale, lightly-loaded operations, 
these cable tensions easily can exceed 100 lbs.  Overall, these robots are ideal for accurate 
and quick handling of goods over potentially large workspaces, exhibiting excellent 
dynamic properties for lightweight loads and remarkable strength for heavy freights.  
Cable-driven manipulators have been researched in the lab, developed as flight simulators 








 Developed by Fraunhofer Institute for Manufacturing Engineering and Automation 
IPA, IPAnema [[16]-[19]] is a cable-driven parallel manipulator for concept demonstration 
and laboratory research.  Fraunhofer IPA focuses on industrial applications of cable-driven 
robots, offering customer feasibility studies in fields like material handling and rapid pick-
and-place tasks.  For example, the company’s market research indicates cable robots can 
be used in the erection and maintenance of large plants and facilities, promising cost 
savings over conventional crane usage.  Additionally, the IPAnema manipulator is used for 
traditional research applications, such as developing more efficient control algorithms. 
 As pictured in Figure 2.6, the classic configuration of IPAnema utilizes seven 
cables to achieve six degrees of freedom within a working space of 13.12 ft (4 m) × 13.12 
ft (4 m) × 11.48 ft (3.5 m).  Under the actuation of AC winches, the end effector platform 
can reach a top speed of 11.18 mph (5 m/s) with payloads up to 88 lbs (40 kg).  Alternatively, 
the system can be tailored to use additional cables in order to increase the lifting load or 
enlarge the workspace; for instance, the concept variation in Figure 2.6 uses eight cables 











Figure 2.6.  A) The physical IPAnema manipulator and B) a conceptual variation of 
IPAnema [[17], [18]]. 
 Additionally, cable-driven parallel manipulators offer a high degree of 
configurability and modularity.  This IPAnema design can be scaled up to 328.08 ft (100 
m) × 328.08 ft (100 m) × 98.43 ft (30 m) workspaces, providing upwards of several tons of 






 While the IPAnema manipulator is expressed as capable of six degrees of freedom, 
the predominant strength of the system is strictly translating the end effector. 
2.2.2 WDPSS-8 
 The WDPSS-8 [20] is a six-degree-of-freedom, Wire-Driven Parallel Suspension 
System driven by 8 cables.  It was designed to advance low-speed wind tunnel testing of 
model aircraft.  Modern fighter jets can achieve an angle of attack range greater than 90°; 
disappointingly, many wind tunnel apparatuses cannot.  Of those that could, either the flow 
would induce extreme vibrations at these high angles of attack, or the models’ support 
frames simply would interfere with the flow analysis. 
 In lieu of using a rigid attachment frame, WDPSS-8 incorporates cables to orient 
the airplane model.  The eight wires attach to the wings and small extensions of the fuselage, 
as in Figure 2.7, creating the platform geometry of a planar cross.  Each cable, which is 
composed of stainless steel 316, has a maximum tensile load of 90.82 lbs (404 N).  When 
positioned in the home pose, this platform design permits ±90° rotations about all three 
axes.  Preliminary experiments with WDPSS-8 show the design can operate under wind 







Figure 2.7.  THE WDPSS-8 deployed in a wind tunnel [20]. 
 Considering the rotational requirements for this apparatus and its deployment in a 
confined wind tunnel, the given set-up would suggest the translational workspace of this 
manipulator is minimized. 
2.2.3 Skycam 
 A prime exemplification of this technology’s commercial success is the mobile, 
aerial camera system from Skycam LLC.  Skycam [21] is famous in televised sports 
coverage for delivering sweeping, overhead broadcast angles of the on-field action.  The 
company has deployed Skycam at venues worldwide, annually helping to produce over 
ninety premier sporting events.  For example, Figure 2.8 shows Skycam deployed over 







Figure 2.8.  Skycam hovering over Heinz Field, the NFL stadium for the Pittsburgh 
Steelers [22]. 
 Their system is described as a robotic camera (similar to a Steadicam®) that is 
suspended from a cable-driven manipulator.  Four cables attach to the 36 in camera spar to 
provide translation in three-dimensional space.  Four winches are installed around the 
outskirts of the venue to define the workspace; each cable links to its corresponding winch, 
passing around a precision pulley and down to a computer-controlled spooling mechanism.  
The system’s software, termed Skyview, permits manual operation or preprogrammed 
flight while employing several safety protocols, such as automated obstacle avoidance.  
With a camera rig weighing roughly 50 lbs, the manipulator can achieve a maximum 
translational velocity of 25 mph.  Considering the expanse of professional sports stadiums, 
Skycam truly showcases the remarkable workspace potential of cable-driven robots. 
 This type of manipulator is classified as a “gravity-assisted” or “under constrained” 
manipulator, in that the robot partly relies on gravity to determine the end effector pose.  






the stadium; therefore, the cables can only pull the end effector upwards.  To descend, the 






CHAPTER 3. DESIGN REQUIREMENTS
 The purpose of this work is to develop a new experimental apparatus capable of 
faithfully mimicking and fully replicating advanced insect flight maneuvers, thereby 
creating the most realistic platform for flapping-flight research.  A design of this nature 
should match the capacity of existing apparatuses to reproduce complete, accurate wing 
kinematics and should utilize cable-driven manipulator technology to emulate the entire 
set of body degrees of freedom.  Additionally, the following qualitative and quantitative 
design specifications should realized. 
3.1 Ground Frame 
 The support frame of the cable-driven manipulator will be a cuboid structure, 
similar to that of the IPAnema manipulator.  Based on space restrictions, the limiting length, 
width, and height dimensions for the frame are 50 in × 50 in × 36 in respectively.  These 
chosen measurements of the manipulator frame directly will dictate the absolute size of the 
manipulator workspace. 
3.2 Workspace 
 As there tends to be an indirect correlation between translational and rotational 
capacities [23], the design’s efficacy will be determined by how well the rotational 
workspace is maximized while preserving the intrinsic advantage of a large translational 






about all three principal axes.  Furthermore, the design must permit compound orientations, 
that is, simultaneous rotations about multiple axes. 
3.3 Cables 
 Cable robots like Skycam are termed “under constrained” if they rely on gravity to 
determine the pose of the end effector platform; conversely, the pose of a “fully constrained” 
manipulator can be determined completely by the length and kinematics of each cable.  
Consequential of the limitation that a cable cannot push on the end effector, n+1 cables are 
required to realize a fully constrained system with n degrees of freedom.  “Redundantly 
actuated” or “redundantly restrained” parallel manipulators utilize more than the minimum 
n+1 cables to actuate the system. 
 This design will use eight cables to achieve the necessary six degrees of freedom 
for the insect body.  While perhaps more difficult to solve and control, redundant actuation 
is overall beneficial for this purpose.  Besides reducing the applied tension in each cable, 
redundancy can increase the available workspace of the manipulator.  Given the emphasis 
of the workspace capacity for this application, this would be a positive tradeoff.  The cable 
pulleys will be placed symmetrically at the eight vertices of the cuboid ground frame. 
3.4 End Effector 
 The end effector will be engineered as a two-part structure to augment the utility of 
the robot. 
 The mechanical flapper, which is a separate project from this work, will be used to 
the mimic the wing motions of a chosen insect.  It must realize the complete set of wing 






the flapping set-up is not limited to a single design; therefore, the end effector must be able 
to accept various flapper configurations to simulate different insect species. 
 A proposed example of a dipterous insect flapper is pictured in Figure 3.1.  Three 
independent servo motors (HiTEC HS-5035HD) achieve the kinematics for each wing of 
the flapper.  The mechanism is set up in a serial configuration, where the wing rotation and 
deviation are directly actuated and the stroke angle is controlled indirectly via a four-bar 
linkage.  The wing length is set at 3.94 in (100 mm) based on the potential size of the 
workspace; it is desirable for the ratio between the wing length and body width to be near 
2:1, so the body frame is shaped with dimensions 4.25 in (108 mm) × 2.17 in (55 mm) × 
2.13 in (54 mm).  Under the given configuration, the maximum stroke amplitude is 130° at 
a flapping frequency of 2.3 Hz.  The maximum deviation and rotation amplitudes are 120° 
and 150° respectively.  The total weight of the flapper is estimated to be 2.2 lbs (9.81 N).  
Lastly, the wing adaptors permit the installation of a six-axis force sensor (ATI Nano 17) 
at the base of either wing. 
 






 The platform frame will serve as the intermediary between the insect robot and the 
cable-driven manipulator.  The flapper will situate securely within the volume of the 
attachment frame such that the frame does not restrict or hamper the realization of accurate 
wing kinematics.  The end effector size is a key parameter for optimizing the manipulator 
workspace. Directly attaching the cables to the insect robot constrains the workspace for 
each individual flapper; employing a distinct attachment frame though, offers a threefold 
advantage:  it enables the optimization of flapper dimensions solely for wing kinematics 
replication, it permits the adaptation of the workspace for different flight maneuvers with 
the same flapper, and it facilitates the exchange of mechanical flapper designs. 
 The relationship between the cables and their attachment points on the end effector 
is examined in CHAPTER 5.  The dimensions of the platform frame are subjected to a 
detailed study in CHAPTER 6. 
3.5 Fluid Immersion 
 The majority of the apparatus will be submerged in mineral oil; as such, certain 
adaptations and restrictions are necessary to accommodate fluid testing.  Primarily, the 
body degrees of freedom must be achieved only through cable actuation.  Preliminary 
design concepts considered decoupling the translational and rotational degrees of freedom, 
where the cable-driven manipulator solely would translate an end effector that was outfitted 
to rotate a mechanical flapper.  However, the use of additional, likely obtrusive 
mechanisms on the end effector platform could critically disturb the mineral oil, impairing 
fluid analysis.  The end effector should be as streamlined as possible, hence why the 






similarly pertains to the attachment frame and manipulator cables:  they should be 
constructed and implemented to avoid inducing extraneous fluid flow and interfering with 
the downstream wing wakes.  With the pulleys situated in each corner of the cuboid, the 
typical inference is the winches would be placed in the same locations as well.  Instead, all 
eight motors for this apparatus should be mounted on top of the ground frame, above the 
surface of the oil.  This alteration eliminates the need to seal the motors from the fluid and 
provides easy access to the equipment for servicing.  Beneficially though, fluid immersion 
constrains this apparatus to operate at slower speeds and lower dynamics than cable-driven 






CHAPTER 4. WORKSPACE DERIVATION
 The manipulator workspace is a function of many variables, including end effector 
platform size, platform geometry, actuator characteristics, actuator/pulley locations, and 
cable configurations.  To determine the optimal set-up for this manipulator, these variables 
and others must be calculated and tested to uncover the design that best supports a variety 
of flight patterns.  To study the multitude of permutations, a program was written in 
MATLAB (MathWorks, Natick, Massachusetts). 
 The workspace can be simulated for a given set of design variables once the inverse 
kinematics and force analysis problems are solved.  To begin, define the ground frame and 
end effector as the world and body frames respectively, as shown in Figure 4.1.  On the 
manipulator platform, the origin of the body frame X1Y1Z1 is located at the geometric center.  
The axes follow the standard convention for aircraft and air vehicles:  Z1 points towards 
the ground, X1 points forward, and Y1 creates a right-handed coordinate system.  The 
manipulator frame has its world origin affixed to the top, left back vertex of the cube.  The 
coordinate system is set to match the orientation of the moving body (under no rotation) 









Figure 4.1.  The manipulator frame with global coordinate system and a standard 
representation of the end effector platform with moving coordinate system. 
 On the structural frame, eight red circles indicate the entry points of the cables into 
the workspace.  Each position is numbered one through eight, in clockwise fashion, with 
odd pulleys on the top and even pulleys on the bottom.  The locations of the pulleys can be 
varied and can have a major impact on the working space [23].  The size of the support 
frame is given by the dimensions fx × fy × fz along each principal axis.  The corresponding 
numbered circles on the moving platform are the attachment points for the cables.  Under 
the assumptions that the platform body is rigid, symmetric, and cannot deform during 
operation, the eight attachment points can define the vertices of a rectangular cuboid, 
whose dimensions are t × w × h.  For more advanced manipulator geometry, each of the 
platform’s attachment points may be adjusted from the given base dimensions.  For the 






dimensional body only; the internal workings of the end effector, such as the mechanical 
flapper, are irrelevant here. 
 In inverse kinematics, the length of each cable is calculated given the position and 
orientation of the end effector.  Unlike serial manipulators, the inverse kinematics for 
parallel robots is straightforward and simple to calculate.  Let 0xi denote the vector that 
locates pulley i in the world frame; 0li is the i
th cable vector, stemming from actuator i; 1pi 
denotes the vector locating the position of each attachment point, expressed in terms of w, 
t, and h in the moving reference frame; 0R1 is the rotation matrix that transforms 1pi to 0pi; 
and, 0r1 is the absolute location of the platform’s origin.  The rotation matrix follows the 
ZYX Euler angle notation.  By conventions, this rotation matrix is identical to the Roll Pitch 
Yaw XYZ rotation.  For this procedure, the Euler angles of 1R0 are referred to as the yaw 
angle ψ, the pitch angle θ, and the roll angle φ.  Given the global position and rotation 
angles of the platform, a vector loop approach can be taken to solve for the cable lengths, 
where 
 .  0 0 0 0 11 1 1 1 il r x R p  (4.1) 
 The volume within the actuator support structure is discretized into a finite position 
grid, where each grid point is one inch along any primary axis from the next grid point.  
Given a fixed orientation of the manipulator platform, each grid point is tested to see which, 
if any, of the manipulator’s workspaces it is contained in, namely Geometric ⊇ Wrench-






4.1 Geometric Workspace 
 First, geometric constraints are placed on each cable to ensure the platform is in a 
physically feasible position and is not nearing a singularity position.  When the cable length 
vectors are expressed in spherical coordinates instead of Cartesian coordinates, constraints 
can be placed on the inclination and azimuth angles of each cable.  For example, the 
inclination of cable 1 must remain less than 90°.  Physically, an inclination equal to 90° 
would place the end effector in a singularity position; if greater than 90°, the platform 
would be outside the physical bounds of the system.  Similarly, its azimuth angle must stay 
within a given range, determined by the pulley design, lest the cable might slip off the 
pulley or the platform might near another singularity. 
 If the given position and pose passes this check, the vectors of all eight cables are 
simultaneously checked to avoid possible cable collisions or entanglements. For a given 
position and orientation, if two cables are too close to one another such that the threat of 
contact or entanglement exists, this pose must be eliminated from the working space.  An 
arbitrary point on the ith cable 0bi can be calculated as 
  , 0 1 ,i i    
0 0 0
i i ib x l  (4.2) 
where Δi is a fractional multiplier of the cable vector.  The closest distance two cables come 
to each other is thus the minimum absolute difference between two arbitrary points on these 
cables.  If this distance is less than a prescribed tolerance, then a cable collision either has 
occurred or may occur as the platform moves. 






4.2 Wrench-Feasible, Static, and Dynamic Workspaces 
 Lastly, each point in the geometric workspace is checked to determine if there exists 
a feasible solution for the cable tensions.  A wrench matrix Ai is defined by the cable 





















where li is the magnitude of the cable vector 0li (the i
th cable’s length).  The aim is to find 



























1 2 3 2b b b b d  (4.5) 
where wi is the tension of the i
th cable, bk is given in Equation (4.5), k is given as 1 (wrench-
feasible condition), 2 (static condition), or 3 (dynamic condition), W is the weight of the 
end effector, and d is the dynamics vector of the manipulator platform. 
 Additionally, the tension in each cable wi is subject to the constraint 
 0 .min i maxw w w    (4.6) 
The cables can only pull on the manipulator, so the forces must be positive to ensure the 






otherwise, there could be slack in the cables.  All kinematic analyses are based on the 
assumption of straight cables, so any cable sag could invalidate those calculations and 
could cause the physical device to be damaged.  There also is an upper bound to the force 
in the cable, based on the strength of the cables and the allotted actuator torque. 
 There are multiple solution techniques available to solve for the tension in each 
cable.  Generally though, there is an indirect relationship between the computational cost 
and the mean tension of the solution [24].  Physical systems perform these calculations in 
real time, requiring the use of advanced algorithms; for modeling purposes, computational 
efficiency is not the priority.  The custom MATLAB program uses linprog, a function from 
MATLAB’s Optimization Toolbox to solve linear programming problems.  The function 








  (4.7) 
that is, the overall cable tension applied to the end effector.  To cut computational time 
when testing multiple poses, parallel computing is implemented. 
4.3 Visualization 
 The MATLAB program can create a visualization of the cable-driven manipulator 
given a specified pose, illustrating the end effector in the workspace or any error with the 
pose input.  For a 50 in × 50 in × 36 in manipulator frame and a generic 2 in × 2 in × 2 in 
end effector, the program’s three fault checks and an acceptable wrench-feasible pose are 







 A)  Azimuth error B)  Cable collision error 
 
 C)  Tension error D)  Point in wrench-feasible workspace 
 
Figure 4.2.  Visualization examples in the MATLAB program. 
 The black lines are the structural members of the manipulator ground frame, with 
the black circle at pulley 1 denoting the origin of the global coordinate system.  The red 
cuboid models the external dimensions of the end effector.  At its geometric center are the 
origin and axes of the moving reference frame.  As the program progresses through its 
checks for the specified position and orientation, the cables will change color to highlight 
any apparent faults.  A green cable signifies the wire is outside of the prescribed inclination 






yellow cables.  A set of eight pink cables indicates the given pose exists in the geometric 
workspace of the manipulator; however, no solution exists for the cable tension vector.  
Finally, a figure where all eight manipulator cables are blue signifies the pose exists within 






CHAPTER 5. CABLE CONFIGURATION STUDY
5.1 Cable Specifications 
 Hi-Seas Grand Slam Mono fishing line [25] will be used for the cables of the 
manipulator as this product fulfills the pertinent design requirements.  Monofilament 
fishing line is extruded from a single fiber of plastic, creating a cable that has high impact 
strength and excellent abrasion resistance.  High impact strength is a valuable attribute 
considering the attainable dynamic properties of cable-driven manipulators; and while this 
system will operate at overall slower speeds and accelerations than other cable robots, the 
cables still will experience sudden spikes in tension.  Fishing line repeatedly is spooled 
from a fishing reel, making abrasion resistance another important characteristic.  This 
operation directly translates to a cable robot, as a cable will continually pass around its 
pulley and will be wound and unwound with a winch.  With a diameter of 0.051 in, this 
fishing line is deemed thin enough that fluid disturbance will be negligible.  Finally, given 
that the fishing line is made from plastic, it can be manufactured in a variety of colors, or 
a transparent lack thereof.  Cable transparency will be beneficial for fluid analysis as the 
cables won’t detract from or obscure the fluid wakes. 
 This specific variety of Grand Slam Mono fishing line is rated for 150 lb test (“test” 
is the fishing term for tensile strength).  Given that specification, the maximum working 






fishing line requires a 1 lb tension force to remove slack from and keep taut the cable; thus, 
the minimum safe cable tension wmin is chosen to be 3 lbs, yielding a 3.0 factor of safety.  
Given the cable’s specified thickness, a cable collision is considered imminent when any 
two cables are within 0.5 in of each other, which is roughly a separation of ten times the 
cable diameter.  As previously alluded to, the inclination angles of all odd-numbered cables 
must remain below 90° to avoid placing the manipulator in a singular configuration; 
conversely, all of the bottom cables must maintain an inclination angle greater than 90°.  
The azimuth angle for each cable is allowed to vary within a 67.5° window, centered on 
the perpendicular bisector of the pulley axis. 
5.2 Cable Configurations 
 Established cable-driven manipulators like IPAnema that use a symmetric pulley 
set-up with eight cables tend to excel in translational ability over rotational.  Previous 
works that specifically were designed for a rotational advantage, like WDPSS-8, opted to 
vary the pulley locations, sacrificing workspace size.  In an attempt the design a 
manipulator that excels in both, this new experimental apparatus will use the symmetric 
vertex pulley configuration and will vary the way the cables attach to the end effector.  
Three different cable configurations are examined in detail.  For control, the same end 
effector platform dimensions are used for each configuration:  4.25 in (108 mm) × 2.17 in 
(55 mm) × 2.33 in (59 mm). 
5.2.1 Straight Configuration 
 For a traditional cable-driven manipulator design like IPAnema, each cable extends 






effector.  For this study, this is termed a “Straight” cable configuration.  Referencing Figure 
4.1, a cable-to-attachment-point sequence can be defined as 1→1, 2→2, 3→3, 4→4, 5→5, 
6→6, 7→7, 8→8.  This is illustrated through MATLAB in Figure 5.1. 
 
Figure 5.1.  The Straight cable configuration with the end effector positioned at (25, 25, 
19) in. 
5.2.2 Twist Configuration 
 A novel, new cable configuration for cable-driven parallel manipulators is 
introduced in Figure 5.2.  Under a “Twisted” cable configuration, or simply “Twist” design, 
the odd-numbered (top) cables are wrapped counter-clockwise around the end effector 
attachment frame; subsequently, to balance out the external moment this induces, the even-
numbered (bottom) cables are shifted in a clockwise fashion.  This develops the cable-to-
attachment-point sequence 1→7, 2→4, 3→1, 4→6, 5→3, 6→8, 7→5, 8→2.  As part of 
this configuration, it is assumed that the attachment frame and mechanical flapper can be 







Figure 5.2.  The Twist cable configuration with the end effector positioned at (25, 25, 19) 
in. 
5.2.3 B-Twist Configuration 
 Similarly, a “Backwards-Twisted” cable configuration, or “B-Twist” design, can 
be implemented as well, where the odd-numbered cables shift clockwise around the top of 
the attachment frame and even-numbered cables wrap counter-clockwise around the 
bottom of the end effector.  In this configuration, the cable-to-attachment-point sequence 







Figure 5.3.  The B-Twist cable configuration with the end effector positioned at (25, 25, 
19) in. 
 With the similarity between the Twist and B-Twist configuration, the workspace 
results should be related as well.  Indeed, investigating these two configurations shows the 
static workspaces for these two cable configurations are mirrored.  In other words, a 
singular, positive rotation with the Twist cable configuration produces the identical 
workspace for a singular, negative rotation using the B-Twist configuration.  Given an 
established correlation between the two configurations, only the Twist design is analyzed 
further for brevity. 
5.3 Static Workspace Analysis 
 Dynamic workspaces are not considered greatly in the analysis of this manipulator.  
In some cases, oil tank operations will be performed at slow enough speeds to assume 
safely quasi-static motion.  For maneuvers that cannot be considered quasi-static, the 
dynamics still will remain below the threshold of what cable-driven manipulators are 






manipulator designs, as only the weight of the end effector is required to determine their 
working space.  The size of each dynamic workspace depends on the specified dynamics 
vector, of which there are infinite variations.  Given dynamic workspaces are subsets of 
the static workspace though, evaluating the static workspace provides an upper bound for 
the dynamic workspace size.  If a static workspace is evaluated as undersized or not present, 
then the subsequent dynamic workspaces easily are inferred as negligible or nonexistent. 
 The platform dimensions in this study are nearly identical to the flapper design 
proposed in Section 3.4, where the added height would represent cable attachment points 
extending from the top and bottom surfaces of the mechanical flapper.  Explicitly, this 
structure was chosen as the control because it represents an end effector that does not use 
an optimized attachment frame, where the manipulator cables would directly attach to the 
flapper.  For the study presented in CHAPTER 6, these results establish the datum on which 
the attachment frame’s merit are assessed. 
 Workspaces are measured by their percentage of usable volume VP, defined as the 
number of grid points P in the workspace by the fixed number of grid points within the 
volume of the support structure 
 











or for this manipulator design specifically, 
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The ground frame support members have a physical thickness, which leads to unusable 
space on the real apparatus.  In Equations (5.1, 5.2), each frame dimension is subtracted by 
one to account for this. 
5.4 Singular Rotation Trials 
 Static workspace simulations are conducted for 0° to 60° rotations singularly about 
each axis, in 15° increments.  The numerical values of VP for the Straight and Twist 
configurations are charted in Table 5.1, where blank cells indicate no workspaces exist for 
the given poses.  Figure 5.4 compares the translational aptitudes for these two cable 
configurations.  Figure 5.5 samples the rotational ability of the Twist configuration, 
demonstrating the static workspaces for 45° roll, pitch, and yaw rotations.  In the figures, 
the blue points show the actual workspace; the red points are the workspace projections 
onto each plane. 
Table 5.1.  Workspace volume percentages VP under singular rotations. 
Angular Orientation Cable Configuration 
Roll φ (°) Pitch θ (°) Yaw ψ (°) Straight (%) Twist (%) 
0 0 0 43.07 1.21 
15 0 0  1.78 
30 0 0  1.36 
45 0 0  0.83 
60 0 0  0.52 
0 15 0  1.82 
0 30 0  1.78 
0 45 0  1.84 
0 60 0  1.62 
0 0 15 5.64 2.43 
0 0 30  3.38 
0 0 45  5.29 








 A)  Straight Configuration B)  Twist Configuration 
Figure 5.4.  Static workspaces for the given end effector in pure translation, using 




 A)  φ = 45° B)  θ = 45° 
Figure 5.5.  Workspace samples for the Twist cable configuration with the given end 








C)  ψ = 45° 
Figure 5.5.  Continued. 
 The outcome for the Straight configuration demonstrates the design’s effectiveness 
for pure translation and the ineptitude for a large and useful rotational aptitude, traits shared 
by many similar cable-driven manipulators.  In term of translational ability, the Straight 
cable configuration vastly outperforms the Twist design, exhibiting large, uniform 
translation potential along all three axes.  With respect to its rotational capacity though, the 
Straight configuration dissatisfies, with only one notable exception for a significantly 
reduced workspace size under a 15° yaw rotation.  These results help confirm the instinct 
that cable-driven manipulators similar to the orthodox IPAnema configurations, while 
expressed as six-degree-of-freedom manipulators, are predominantly useful for end 
effector translation only. 
 In contrast, the Twist configuration has only a fraction of the former’s translational 
workspace; in particular, the end effector mainly is constrained to XY planar motion.  
However, the Twist cable configuration stands out in offering relatively significant 
workspaces through rotations up to 60° about each axis.  Albeit small overall, the rotational 






the workspace volume VP is reduced only slightly through roll rotations, more or less 
remains constant with pitch variation, and actually increases under yaw rotations.  
Considering the observations on yaw rotations specifically, these workspaces could be used 
to supplement the lacking pure translation workspace.  For example, translation along the 
Z-axis becomes possible under an offset to the yaw angle of the end effector.  From Figure 
5.4 and Figure 5.5, it appears Twist workspaces become shifted and stretched through the 
volume, rather than strictly being minimized; unlike Straight configuration workspaces, 
which experience significant drop-offs with deviations in the Euler angles.   
 With care in planning, these results imply it is possible to replicate simple variants 
of insect flight maneuvers.  At minimum, this apparatus could combine the functions of 
existing experimental apparatuses. 
5.5 Compound Rotation Trials 
 In another set of simulation judgments, the competence to perform compound 
rotations is contrasted.  For this particular scenario, the roll rotation is fixed at -30°, -15°, 
15°, and 30° values; and the yaw rotation is varied from -45° to 45° (once again in 15° 
steps).  In insect flight, roll and yaw angles generally are coupled, therefore this design’s 
ability to perform these rotations simultaneously is the most crucial.  Ultimately though, 
the apparatus will need to show it can rotate about all three axes simultaneously.  As the 
Straight cable configuration yields no results, Table 5.2 only displays the findings for the 






Table 5.2.  Workspace volume percentages VP under compound roll and yaw rotations. 
Roll φ (°) Yaw ψ (°) Twist (%) 
-30 -45 1.15 
-30 -30 1.34 
-30 -15 1.52 
-30 0 1.36 
-30 15 1.55 
-30 30 1.40 
-30 45 1.23 
-15 -45 2.39 
-15 -30 2.46 
-15 -15 2.10 
-15 0 1.78 
-15 15 2.05 
-15 30 2.40 
-15 45 2.24 
15 -45 2.39 
15 -30 2.46 
15 -15 2.10 
15 0 1.78 
15 15 2.05 
15 30 2.40 
15 45 2.24 
30 -45 1.15 
30 -30 1.34 
30 -15 1.52 
30 0 1.36 
30 15 1.55 
30 30 1.40 
30 45 1.23 
 
 Encouragingly, there exists a Twist workspace for every pose in this trial.  
Moreover, all of the workspace volumes remain on the same order of magnitude as those 
for singular rotations.  Based on the patterns of the singular rotation workspaces then, the 






confines of the manipulator, rather than undergoing major growth or reduction.  Therefore, 
if an insect flight pattern can be crafted to follow the shifting workspace around 
manipulator volume, then it may be conceivable to simulate more complex insect flight 
maneuvers too. 
 Another interesting facet is the apparent symmetry of the workspaces.  Just as the 
Twist and B-Twist cable configurations exhibit mirrored, symmetrical results, symmetry 
is possible within one cable configuration as well.  For a given yaw angle from Table 5.2, 
the workspace volume VP is identical for both positive and negative roll rotations.  For this 
compound orientation, the workspaces are rotated 180° in the XY plane.  An example of 
this symmetry, observable in each projection plane, is given in Figure 5.6. 
 
 A)  φ = -15°, ψ = 30° B)  φ = 15°, ψ = 30° 
Figure 5.6.  Symmetry of compound rotations for the Twist cable configuration. 
 Based on the cable configuration study, this experimental apparatus will proceed 
with the Twist cable configuration, which has never been implemented before on cable-
driven manipulators.  These findings suggest the feasibility of replicating simple and 






CHAPTER 6. ATTACHMENT FRAME OPTIMIZATION
 The end effector attachment frame functions to enhance the performance of the 
cable-driven apparatus and to satisfy the preset design specifications.  The goal of this 
study is to uncover the platform configurations that best suit the different insect-based 
applications, whether simple rotations or complex maneuvers.  Furthermore, an optimized, 
versatile platform should be designed as a basis for all six-degree-of-freedom insect flight 
patterns.  Following the findings of the previous study, this optimization process is 
performed using the Twist cable configuration. 
 The design optimization study analyzes the static workspaces for every permutation 
of the end effector dimensions, where each measurement ranges from 1 in to 6 in by unit 
increments.  Considering cable collision warnings occur when two cables are within 0.5 in, 
lengths less than 1 in are not considered optimal in this study.  Dimensions greater than 6 
in are not investigated either; the platform size and translational capability indirectly relate:  
for larger end effector dimensions, the overall workspace volume tends to decrease. 
 Four orientations are considered in the optimization process:  neutral and 45° 
singularly for each Euler angle.  With the given design requirements on rotational 
performance (ideally ±45° about each principal axis), the platform frame should be 
optimized for the end effector to function best at these larger angles.  Looking at the neutral 






orientations.  Other orientations are not as critical to analyze explicitly in this optimization.  
From the multitude of static workspace simulations for the previous study, there is a sound 
grasp on how the roll, pitch, and yaw workspaces adapt as the corresponding Euler angles 
vary from 0° to 45°.  The ability for compound rotations can be discerned from the results 
of singular rotations too. 
6.1 Neutral Orientation 
 From the 216 permutations of the end effector, the top eleven attachment frame 
sizes for pure translation are presented in Table 6.1.  As the datum, the end effector from 
CHAPTER 5 is highlighted in the final row. 
Table 6.1.  Optimum dimensions for a neutrally-oriented end effector platform. 
t (in) w (in) h (in) VP (%) 
2 2 6 2.25 
2 2 5 2.23 
2 2 4 2.17 
2 3 6 2.15 
3 2 6 2.15 
3 3 6 2.11 
2 3 5 2.10 
3 2 5 2.10 
3 3 5 2.07 
2 4 6 2.04 
4 2 6 2.04 
4.25 2.17 2.33 1.21 
 
 These results indicate the best end effector configurations for pure translation use 
short, equal dimensions for t and w, creating a square plane in X1Y1, and the overall platform 
height is as large as possible.  A lower bound does exist for t and w though, where 






collision errors drastically rises.  (There are 8,228 instances of possible cable collisions for 
a 2 in × 2 in × 6 in end effector; for a platform size of 1 in × 1 in × 6 in, there are 42,732, 
or nearly a 520% increase.)  The top three configurations follow this pattern, and overall 
five of the best eleven designs.  The remaining six arrangements can be paired up; they use 
unequal sizes for t and w, but interestingly it doesn’t matter for VP which dimension is 
larger.  Studying these results more closely, as with the case in CHAPTER 5, it seems 
inherent that translation under a neutral orientation with the Twist cable configuration 
mainly is constrained to two-dimensional motion.  Considering only planar motion then, 
these findings support the earlier claim that workspace size indirectly is effected by the 
platform size:  smaller end effector platforms in the X1Y1 plane offer bigger pure 
translational workspaces.  Finally, utilizing a separate attachment frame is merited at least 
for this orientation, as the top configurations increase the working space by 69 % to 86 % 
over the baseline. 
6.2 Forty-Five Degree Roll Rotation 
 The top ten end effector designs for achieving a 45° roll rotation are presented in 
Table 6.2.  The control end effector, based solely on the mechanical flapper, again is 








Table 6.2.  Optimum dimensions for a roll rotation φ = 45°. 
t (in) w (in) h (in) VP (%) 
2 6 2 2.49 
3 6 2 2.43 
2 5 2 2.27 
1 3 1 2.21 
3 5 2 2.17 
4 6 2 2.10 
2 4 2 2.000 
2 3 1 1.996 
3 6 3 1.94 
1 6 2 1.93 
4.25 2.17 2.33 0.83 
 
 The finest designs pattern around w being the largest dimension on the end effector, 
while t and h are much shorter and either equal or of adjacent sizes (preferably with t the 
longer measurement).  A quantitative precedent similar to the previous orientation exists 
as well:  w can be the largest permissible length, whereas there is an optimal lower bound 
for t and h based on the cable collision criterion.  Projecting the end effector into the Y1Z1 
plane, w is the dominating variable in determining the lever arm for rotation about the X1 
axis, hence physically it should be as long as possible.  Applying this pattern, the datum 
end effector should not have a large rolling workspace for this orientation.  In that 
configuration, its dimension w actually is the shortest length and is nearly equal to h.  






6.3 Forty-Five Degree Pitch Rotation 
 Table 6.3 lists the ten most effective platforms for attaining a pitch angle of 45°.  
As before, a baseline comparison to the mechanical flapper is showed last. 
Table 6.3.  Optimum dimensions for a pitch rotation θ = 45°. 
t (in) w (in) h (in) VP (%) 
6 2 2 2.49 
6 3 2 2.43 
5 2 2 2.27 
3 1 1 2.21 
5 3 2 2.17 
6 4 2 2.10 
4 2 2 2.000 
3 2 1 1.996 
6 3 3 1.94 
6 1 2 1.93 
4.25 2.17 2.33 1.84 
 
 The most important realization from these findings is the singular capabilities of 
roll and pitch rotations are coupled symmetrically.  All values for the workspace VP are 
identical for the two orientations, where the only alteration is the interchange of t and w.  
Physically, this is equivalent simply to repositioning the previous set of end effector 
platforms by 90° in the X1Y1 plane.  For this scenario, the reference platform should be 
proficient for pitching, given its dimensions are in line with the best configurations; and 
the outcomes indicate the size is not optimal but ranks as the twelfth best option.  
Unfortunately, overall this establishes a tradeoff such that no end effector could be 






6.4 Forty-Five Degree Yaw Rotation 
 Finally, the best designs for achieving a 45° yaw rotation are compared in Table 
6.4, where the final row is the base end effector arrangement. 
Table 6.4.  Optimum dimensions for a yaw rotation ψ = 45°. 
t (in) w (in) h (in) VP (%) 
2 6 6 9.34 
6 2 6 9.34 
2 6 5 9.21 
6 2 5 9.21 
2 6 4 8.67 
6 2 4 8.67 
2 5 6 8.66 
5 2 6 8.66 
2 5 5 8.56 
5 2 5 8.56 
4.25 2.17 2.33 5.29 
 
 These workspaces encompass nearly four times more volume than the former three 
sets, indicating yaw is the strongest degree of freedom for the Twist cable configuration.  
In another change from the past groups, these end effector designs rely on two long, 
preferably equal lengths, and only one shorter dimension.  The height h must be one of the 
longer measurements, but the volume percentage VP is irrespective of the assignments of t 
and w.  As such, the configurations can be grouped in pairs, where each member in a pair 
offers the same amount of usable working space.  In constructing an attachment frame for 
yaw rotations then, this characteristic allows for the freedom to size t and w based on other 
requirements, such as the requirement for the attachment frame to not disrupt the 
kinematics of the mechanical flapper; which in this angular rotation attains mediocre 






6.5 Six-Degree-of-Freedom Configuration 
 The varied nature of these findings suggests an unlikelihood for crafting one single 
end effector that has exceptional performance in all six degrees of freedom.  Between the 
four avenues of research – pure translation and three different singular rotations – an overall 
six-degree-of-freedom end effector likely would flourish for one particular aspect, exhibit 
standard traits for two operations, and act below par in the last capacity.  However, cable 
robots are highly modular, so this apparatus never is confined to just one single end effector.  
End effector designs can take into account the essential flight characteristics, like the 
mechanical flapper shape and workspace requirements, when tailoring the attachment 
frame.  An exemplar end effector is designed to apply to the four flight maneuvers 
presented in CHAPTER 7. 
 From inspection, workspaces for the Twist cable configuration typically are larger 
under rotations than in a neutral pose.  As part of the design strategy, this trend can be 
exploited by using trivial, non-consequential rotations to create a more attractive 
translational space (e.g. using an offset yaw rotation to allow for vertical translation).  
Therefore, it is not necessary to consider the facet of pure translation when conceiving the 
attachment frame.  From other in-depth studies of compound rotations, offset yaw angles 
in the Twist configuration bolster roll and pitch performances.  Considering these factors, 
the yaw Euler angle should be considered the primary degree of freedom; therefore, the set 
of dimensions from Table 6.4 are considered. 
 In accounting for the proposed mechanical flapper size, the platform size 6 in × 2 
in × 4 in is chosen for the end effector attachment frame.  The longest dimension of the 






shortest dimension w parallels the body width of the mechanical flapper.  This geometry 
will prevent the attachment frame, irrespective of its construction, from inhibiting wing 
kinematics or disrupting downstream wing wakes.  This will lead to the roll Euler angle 
becoming the weakest for this set-up; but once again, inducing yaw angles can help 
compensate for this.  Meanwhile, the platform is tall enough that the wings, at a peak 
flapping amplitude with the body under rotation, should not make contact with the cables.  
Table 6.5 highlights the primary workspace volume percentages VP for the end effector.  
Additionally, a new measurement VP,Rel is introduced, which is the ratio of VP to the 
maximum VP possible for that pose. 
Table 6.5.  Workspace volume and relative workspace volume for the designed 
attachment frame. 
 Attachment Frame 6 in × 2 in × 4 in 
Neutral Roll φ = 45° Pitch θ = 45° Yaw ψ = 45° 
VP (%) 1.37 0.66 1.46 8.67 







CHAPTER 7. CASE STUDIES
 Four diverse case studies are documented to prove the worth of this experimental 
apparatus for flapping-flight research.  A pair of foundational trials establish the capacity 
for the cable-driven robot to duplicate and combine the functions of existing apparatus 
benchmarks.  A third investigation confirms the device can offer new opportunities to 
expand upon previously published experiments.  A final proof of concept demonstrates the 
exciting, unique faculties of this apparatus to model previously uninvestigated, highly 
advanced flight maneuvers.  To show the versatility of the design, all four flight patterns 
employ the attachment frame dimensions from CHAPTER 6; however, specially adapting 
the end effector dimensions for each one can produce even more favorable results.  
(Advanced end effector geometry also is permissible, such as creating different shapes or 
introducing asymmetry.) 
7.1 Case 1:  Robotic Fly Apparatus Yaw Rotation 
 The first test reproduces a published experiment of the Robotic Fly Apparatus.  The 
plot in Figure 7.1 shows that while replicating the wing kinematics of a fruit fly, the Robotic 
Fly Apparatus performs a constant velocity yaw rotation from 0° to 120° in approximately 
30 s.  Rotating at only 4 deg/s, this case exemplifies the type of operation where an 







Figure 7.1.  Plot of sample experimental data from the Robotic Fly Apparatus [10].   
A) Measured yaw torque; B) Right wing kinematics for stroke (red), deviation (green), 
and rotation (blue); C) Left wing kinematics; D) Yaw angle of the apparatus. 
 Treating the transient response at start-up as steady state motion, the movement is 
animated with the custom MATLAB program.  To attain the 120° range of motion, the end 
effector ideally should rotate from -60° to 60°; however, cable collision threats are detected 
for yaw rotations beyond ±59°.  Therefore, this cable-driven apparatus simulates a 116° 
yaw rotation, from -58° to 58°, over a time period of 29 s.  The end effector maintains the 
position (25, 25, 19) in for the duration of the flight maneuver.  Figure 7.2 displays several 
time instances of the rotation, where the red cuboid designates the volume of the attachment 







 A)  ψ = -58° (0 s) B)  ψ = -30° (7 s) 
 
 C)  ψ = -10° (12 s) D)  ψ = 10° (17 s) 
 
 E)  ψ = 30° (22 s) F)  ψ = 58° (29 s) 







 The slight difference in the ranges of motion between the apparatuses would not 
impact the experimental results.  From Figure 7.1, the gray shaded region represents the 
portion of the maneuver for which experimental data were collected.  The cable-driven 
apparatus achieves an equivalent performance through and around the data collecting 
region, making the beginning and ending discrepancies negligible. 
 Figure 7.3 graphs the static cable tensions for all eight cables during the period of 
motion.  Based on the plot, only four of the cables are required to actuate the end effector 
through each half of the maneuver; additionally, it is interesting to note that the force 
requirements actually are lower for more extreme yaw angles and exponentially increase 
as the end effector approaches 0°.  Observing the extreme yaw angles specifically, the 
tension requirements are different depending if the rotation is positive or negative; this is 
attributable to the nature in which the Twist cable configuration wraps around the end 
effector.  Overall though, all cable forces remain below 20 lbs and far below the maximum 
allotted cable tensions, indicating higher dynamic operations can be realized as well. 
 






7.2 Case 2:  Tow Tank Forward Flight 
 The second trial copies the conventional translational ability of a tow tank apparatus.  
For a typical experiment performed in mineral oil (kinematic viscosity about 20 cSt at room 
temperature), the translational velocity ranges from 0.3 ft/s to 1.6 ft/s.  Considering the 
maximum linear velocity of IPAnema is given as 16.4 ft/s (5 m/s), the velocity range for 
the cable-driven apparatus to achieve is fifty to ten times slower than the IPAnema 
manipulator.  If a constant velocity application is examined as well, mainly the only 
dynamic force to consider arises from the drag of the end effector through the mineral oil. 
 For these justifications, it’s reasonable to animate this operation in MATLAB and 
only analyze the static workspace results.  The end effector begins at (9, 25, 19) in under a 
neutral orientation and translates along the X-axis to (41, 25, 19) in.  Depending on the 
velocity, the translation duration lasts between 8.9 s and 1.7 s.  Figure 7.4 shows the 
experiment at several positions along its motion. 
 
 A)  X0 = 9 in B)  X0 = 20 in 








 C)  X0 = 30 in D)  X0 = 41 in 
Figure 7.4.  Continued. 
 The eight static cable tension functions for one-dimensional translation are plotted 
in Figure 7.5.  None of the cable tensions exceed 18 lbs during the maneuver, suggesting 
more than enough additional force potential exists to attain the tension requirements with 
the dynamics vector included.  Individually, each tension function displays two distinct 
trends, which transition at the middle of the manipulator X0 = 25 in; but if cables are paired 
up, the graph exhibits a reflection about the line X0 = 25 in, indicative of overall symmetry 
for performing the maneuver on this apparatus.  For each half of the translation, only six 
cables are used by the manipulator to achieve each pose, while the other two just remain at 
the lower tension bound.  In general, the observed pattern is for MATLAB to assign two 
cables at the minimum tension threshold and distribute the force requirements over the 
remaining six cables.  This is indicative of the linprog function’s solution strategy and not 
necessarily representative of the ideal.  Specialized cable-driven manipulator algorithms 
would produce smarter force distributions; nonetheless, this still is a usable solution that 







Figure 7.5.  Necessary cable tensions for replicating one-dimensional translation. 
 The conclusions from first two case studies already showcase the worth of this new 
apparatus for combining the primary functions of both background experimental 
apparatuses. 
7.3 Case 3:  Hawkmoth Pitching Maneuver 
 A published work [4] looked at a drastic, evasive hawkmoth pitching maneuver.  
High-speed videography captured a hawkmoth hovering to feed from an artificial flower.  
At that instance the researcher’s hand provided a stimulus to scare the hawkmoth, inciting 
the insect to pitch up and translate backwards away from the threat.  The wing and body 
kinematics were extracted from the high-speed video and used to study the instantaneous 
aerodynamics forces on the hawkmoth wings, as well as to discern its flight stabilization 
and control methods.  The time series body kinematics from one of the trials is plotted in 
Figure 7.6, broken into four stages of motion.  The specific data set was chosen based on 
response rate, confinement of the maneuver to a single plane, and the lack of a significant 






the maneuver from six degrees of freedom to only two pertinent degrees of freedom, such 
that it could be replicated in a tow tank with a rotational degree of freedom for the body 
pitch.  Using the cable-driven apparatus though, would allow for the analysis of the 
generalized pitching maneuver in future works. 
 
Figure 7.6.  Kinematics plot used for the original hawkmoth pitching experiment [4]. 
 The original experiment was performed in a tank of mineral oil (kinematic viscosity 
approximately 3.4 cSt), and the robotic flapping model was scaled to yield a Reynolds 











where Φ is the flapping amplitude, R is the wing length, n is the flapping frequency, ν is 
the kinematic viscosity of the fluid medium, and AR is the wing’s aspect ratio.  To achieve 
the same Reynolds number with the mechanical flapper design from Section 3.4, assuming 
the same type of mineral oil is used, the wing kinematics should be replicated at a flapping 






 The body kinematics from Figure 7.6 are digitized at 71 points and scaled by the 
mean chord length.  While the previous experimentation only investigated pitching and 
translation along a single axis, this trial replicates all six degrees of freedom for the 
hawkmoth.  To assist the cable-driven manipulator with achieving accurate body 
kinematics of the insect, the mechanical flapper is positioned with a 10° pitch offset within 
the end effector attachment frame.  This demonstrates yet another advantage of using a 
separate attachment frame:  angular offsets can be applied to the mechanical flapper to 
reduce the demands on the cable-driven manipulator itself.  The maneuver is realized in 
MATLAB, at this point only considering the first three stages of the motion, and displayed 
in Figure 7.7. 
 
 A)  0 s B)  0.744 s 








 C)  1.901 s D)  2.645 s 
 
 E)  3.505 s F)  4.844 s 
 
 G)  5.555 s H)  6.300 s 






 The animation is halted after 6.30 s, upon completing the third stage of motion, as 
the flight pattern begins to exceed the lower boundary of the static workspace.  The 
simulation still captures the essence of the hawkmoth maneuver though, showing the cable-
driven apparatus establishes an opportunity to expand this previously published maneuver 
study to investigate the generalized, six-degree-of-freedom flight path.  The incompletion 
of the entire kinematic set just confirms the assertion that each end effector naturally has 
limitations, and in some cases the attachment frame may need to be configured specially 
for one task.  With further optimization, the cable-driven apparatus would permit the 
completion of the entire pitching maneuver. 
 As an aside, this scenario suggests future work could focus on programming more 
sophisticated, automated optimization methods in MATLAB.  For example, from a scaled 
set of insect kinematics and knowledge of the flight pattern, a subset of the manipulator 
volume can be defined to contain the ideal starting location for the maneuver.  Cycling 
through each grid point in the subspace, the MATLAB program can attempt to play the 
flight kinematics to completion, either eventually outputting the best starting coordinate or 
repeating the process with different attachment frame dimensions. 
 The cable force graphs in Figure 7.8 illustrate extreme magnitudes and rapid 
changes to the cable tensions around the beginning and early termination of this maneuver, 
insinuating the end effector is operating around the edges of the static workspace.  In this 
case, it becomes unavoidable to include the end effector dynamics in the analysis, as with 
the inclusion of the dynamics vector these points no longer may be feasible to use.  In the 






lbs.  During this portion of the flight, the manipulator platform is well within the bounds 
of the static workspace, suggesting the dynamics are not a concern here. 
 
Figure 7.8.  Necessary cable tensions for performing the hawkmoth pitching experiment. 
7.4 Case 4:  Advanced Six-Degree-of-Freedom Motion 
 An arbitrary flight pattern is concocted to display the nature of a complex, advanced 
insect maneuver that is beyond the capacities of current experimental apparatuses.  A 
maneuver of this class equally utilizes and couples full three-dimensional movements, such 
that the motion cannot be distilled down to fewer degrees of freedom.  Consequently, 
experimental reproduction for physical data acquisition only can be accomplished with an 
apparatus capable of replicating all six degrees of body freedom. 
 The hypothetical insect flight pattern in this study is comprised of nineteen position 
points, derived from the numerous static workspaces for this cable-driven manipulator.  
The flapper initiates in straight-line motion with a heading of ψ = 45° before transitioning 
into a θ = -10° pitched dive.  As the platform levels out, it concurrently begins undergoing 






turn, such that its yaw angle finishes at ψ = -45°, it achieves a maximum roll rotation of φ 
= -30° and begins positive pitching.  The maneuver completes with a θ = 30° pitched climb 
at the heading ψ = -45°.  Figure 7.9 plots the trajectory of the end effector during this 
maneuver.  Demonstrating the unique performance of this cable-driven test apparatus, 












 A)  Position 1 B)  Position 3 
 
 C)  Position 5 D)  Position 7 
 
 E)  Position 9 F)  Position 11 








 G)  Position 13 H)  Position 15 
 
 I)  Position 17 J)  Position 19 
Figure 7.10.  Continued. 
 The static cable tension solutions are presented in Figure 7.11.  The most restrictive 
section of the workspace occurs from point 10 through point 13, where a range of fairly 
shallow yaw rotations leads to a decreased workspace size.  At point 13 specifically, the 
roll and pitch rotations are at the maneuver’s maximums with still a small yaw rotation, 
which shows up in Figure 7.11 as a large spike in cable tension.  The cable tensions also 
rise at the end of the maneuver, indicating the end effector is approaching the boundary of 






the end effector settles well within the workspace and could achieve the necessary 
dynamics for the maneuver. 
 









 The presented material discusses an original modification of traditional cable-
driven parallel manipulators, which in turn can be deployed to expand significantly the 
experimental abilities of flapping-flight research.  Through the unique variation of the 
manipulator’s cable configuration, the six-degree-of-freedom robot is able to actuate the 
end effector through large-angled, compound rotations over a significant workspace 
breadth.  Capitalizing on this distinction and the technology’s inherent modularity, a new 
experimental apparatus is adapted to realize the kinematics of advanced insect flight 
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